Transcranial electrical brain stimulation using weak direct current (tDCS) or alternating current (tACS) is being increasingly used in clinical and experimental settings to improve cognitive and motor functions in healthy subjects as well as neurological patients. This review focuses on the therapeutic value of transcranial direct current stimulation for neurorehabilitation and provides an overview of studies addressing motor and nonmotor symptoms after stroke, disorders of attention and consciousness as well as Parkinson's disease.
Background
The past 10 years have seen an increased clinical and experimental focus on noninvasive electrical brain stimulation as an innovative therapeutic approach to support neurorehabilitation. This entails the application of either transcranial direct current stimulation (tDCS), or less commonly, transcranial alternating current stimulation (tACS). Typically, up to 0.8 A/m² is used for up to 40 min per single stimulation session [1] . The electrical current partially penetrates the underlying structures and affects nerve cells, glia and vessels in the stimulated brain area [1, 2] . Early animal experiments during the 1960s and 1970s on the effects of weak DC stimulation demonstrated an excitement-induced change of neurons lasting several hours after the end of the stimulation [3, 4] . Therapeutic studies of the 1970s, at that time mainly concerning the treatment of depression, did not yield any success, which in retrospect could be attributed to the stimulation parameters used. In 2 000 key experiments by Nitsche and Paulus on polarity-related excitability changes in the human motor system after transcranial application of tDCS led to a renewed interest in the approach [5] . The authors documented increased cortical excitability measured by the amplitude of motor-evoked potentials in healthy volunteers after anodal stimulation above the motor cortex lasting at least 9 min [6] . Reversing the direction of stimulation (cathodal tDCS) resulted in a decrease in motor-evoked potential. In addition to the concept of pure excitability modulation, a large number of studies demonstrate modulation of neuroplasticity by tDCS in various ways, including basic scientific and mechanistic findings regarding improvement of synaptic transmission strength [7] [8] [9] , long-term influence on learning processes and behavior [10, 11] , as well as a therapeutic approach to improve function in neurological and psychiatric disorders associated with altered or disturbed neuroplasticity (overview in [12] ). In particular, simultaneous application of tDCS together with different learning paradigms, such as motor or cognitive training, appears to produce favorable effects in healthy subjects and in various patient groups [11, 13] .
The following review presents the effects of tDCS on the improvement in the function of some neurological disease patterns which are regularly the focus of neurorehabilitative treatment. This especially includes stroke. In addition, we shall refer to a current database of clinical studies containing a comprehensive list of scientific and clinical studies of tDCS in the treatment of neurological and psychiatric disorders [14] .
Post-stroke Motor Impairment
Stroke is one of the primary causes worldwide of permanent limitations of motor function and speech. Despite intensive rehabilitation efforts, approx. 50 % of stroke patients remain limited in their motor and speech capabilities [15] [16] [17] . Current understanding of the mechanisms of tDCS is largely based on data documented for the human motor system. The reasons for this include the presence of direct and easily objectifiable measurement criteria (for example, motor-evoked potential, fine motor function), as well as anatomical accessibility of brain motor regions for non-invasive stimulation. Therefore, it is not surprising that the clinical syndrome of stroke with the frequent symptom of hemiparesis as a "lesion model of the pyramidal tract" received significant scientific interest with respect to researching the effects of tDCS, as evidenced by the numerous scientific publications since 2005 (▶Fig. 1). In contrast to earlier largely mechanistic studies, in the past 5 years there has been a trend toward studies addressing clinically-oriented therapeutic issues.
After a stroke, a cortical environment is created by the brain injury itself which promotes neuroplastic processes. Electrophysiological data and results from functional imaging confirm active involvement of both hemispheres (ipsilesional and contralesional) on functional recovery [18] [19] [20] , with a varying role at different times after an acute event. Based on the overall concept of interhemispheric competition, the data for patients show a poorer recovery if there is persistent functional imbalance between the 2 hemispheres (over-activation of the unaffected hemisphere) [18] . This leads to the general consideration that tDCS can be used to restore the functional balance between the 2 hemispheres, either by activating (anodal) stimulation of the affected hemisphere, or by suppressing (cathodal) stimulation of the unaffected hemisphere (▶Fig. 2). Both of these stimulation montages involving the motor cortex are used routinely. An additional stimulation protocol has been used since 2010, that is, the simultaneous stimulation of both motor cortices (anode ipsilesionally, cathode contralesionally). It should be kept in mind that tDCS, as a relatively unfocal technique, not only reaches the actual target area (for example the motor cortex), but also stimulates other nearby brain regions [1] . Furthermore, the simplified concept of excitement or suppression of cortical function is only a guideline, and individual factors influencing complex cortical network interactions as well as the passage of time after stroke must also be considered.
The current data on the use of tDCS in the treatment of motor impairment after a stroke are reflected in a number of individual studies describing the promising effects of tDCS on upper limb function, especially when used in combination with therapeutic procedures (physio-/occupational therapy, CIMT, robot-supported training, fine-motor training) applied in repeated sessions [12, 21, 22] . The improvement of motor skills of the upper limb in comparison to sham stimulation ranges between 5 and 30 %, depending on the study and outcome measure applied (e. g., Fugl Meyer score, Wolf motor function test, ARAT, grip force, specific kinematic parameters). In addition to the heterogeneity of the outcome measure, the type of intervention (motor training, physio-/ occupational therapy, robot-assisted therapy) and the stimulation itself (time, intensity, duration and montage/target area for tDCS) also vary in the studies. With few exceptions, the patient cohorts are small and heterogeneous. Although early proof-of-principle studies are not included, a current Cochrane meta-analysis concludes that due to the study heterogeneity to date point and given the low quality of the available studies, there is little evidence that tDCS provides an improvement in daily activities, although there is evidence for a lack of improvement in motor deficits [23] . If only the motor function of the upper extremities is specifically evaluated as a primary outcome measure, other meta-analyses show a possible positive effect of tDCS in combination with rehabilitation programs [24] . When only specific motor training is considered as an intervention, there is a clearly positive effect of tDCS on upper extremity motor function compared to sham stimulation or rehabilitation interventions alone [25] . It should be mentioned that the inclusion and exclusion criteria as well as the primary endpoints differ in all meta-analyses.
In summary, at this time it can be assumed that tDCS has a positive effect on the improvement of daily activities as well as motor functions after a stroke. However, in order to support this assumption, 2 essential aspects should be addressed in the future: 1. the time window post-stroke, 2. study heterogeneity. The meta-analyses named above are based on data which for the most part were gathered from patients in the chronic stage (3 months to years) after suffering a stroke. Thus there is a lack of studies on the effects of tDCS on patients in the acute phase post-stroke. As shown in ▶ Fig. 1 , to date only 2 studies of acute patients have been published [26, 27] . In both studies tDCS was applied without simultaneous therapy or training, and was ineffective compared to sham ▶Fig. 1 Graphical representation of original work published per year on tDCS used in the treatment of stroke patients with motor impairment symptoms. Although the greater number of studies were performed involving patients in the chronic stage ( > 3 months after episode), there are hardly any describing the acute phase ( < 4 weeks, dark grey bar). This has to be taken into account when evaluating the value of tDCS for neurorehabilitation.
stimulation. Due to the plastic environment present in the acute phase after stroke, the targeted combination of tDCS and therapy could have promising effects on the rehabilitation process or even extend the "plastic phase". Current studies are focusing specifically on this aspect, including our own research work (Emmy Noether program "Mechanisms and Modulation of Motor Skill Learning in the healthy and injured Brain", as well as a large-scale multi-center study (DFG, NETS TRIAL: Neuroregeneration enhanced by tDCS in stroke, Study Coordinator: C. Gerloff, Hamburg). Further controlled, randomized, prospective multi-center clinical trials are needed in order to substantiate the value of tDCS and timing in the rehabilitation of motor functions after stroke. In addition, evaluation of interaction of tDCS and disease-associated neuroplastic changes must be supported by basic scientific research. To date 5 experimental animal studies on tDCS after acute stroke have been published [28] [29] [30] [31] [32] . A common feature of all these studies is repeated tDCS under anesthesia. Interaction between both modalities can not be ruled out, since both act on the excitability of neurons. A combination of tDCS with training or rehabilitation has not yet been tested; this is equivalent to the isolated assessment of modulation of spontaneous biological recovery. The current densities used are well above the human application of 0.8 A/m², even above the lesion threshold for anodal tDCS in a healthy rat [2] . With these parameters there was a tendency towards neurodegenerative effects for anodal stimulation and somewhat positive effects for cathodal stimulation with respect to behavior and infarct volume [30] [31] [32] . In the 2 studies with the lowest current density (1 and 28 A/ m², both transcutaneous) anodal tDCS had a positive effect on the rat's cognitive and motor behavior without affecting the infarct volume [28, 29] . In order to successfully translate research into the clinical context and the mechanistic understanding of the diseased brain (interaction of pathology and stimulation effect), further basic research studies are also necessary, the design of which should include application in a conscious animal as well as stimulation parameters mimicking the human conditions.
Aphasia and Neglect after Stroke
Disturbances of non-motor functions and spatial perception are also common after a stroke. Analogously to the hemisphere concept with respect to motor impairment, there is a similar rationale for the application of tDCS in cases of hemispatial neglect or apha▶Fig. 2 Illustration of the 3 typical brain stimulation montages exemplified by tDCS above the motor cortex. In example a, the anode (red) is placed above the ipsilesional motor cortex, and the cathode (blue) is located on the contralateral forehead. Example b shows the cathode placed above the motor cortex of the non-lesioned hemisphere, and the anode is placed on the contralateral forehead. Example c illustrates bihemispheric montage, with the anode located above the ipsilesional motor cortex, and the cathode placed above the motor cortex of the non-lesioned hemisphere. The white arrow shows the intracerebral current flow. The goal of these 3 arrangements is to modulate the interaction between both motor cortices by changing the activity of one or both hemispheres c.
sia: targeted modulation of the affected brain region or surrounding perilesional areas on the one hand and modulation of the intact hemisphere on the other. Available literature relating to neglect is currently limited. Unlike studies of motor impairment, to date there are only proof of concept studies in which tDCS is mainly used alone, i. e., without simultaneous perceptual training and applied only once. Repeated sessions have been investigated in only 3 studies [33] [34] [35] ; in the first, feedback training was performed, and in the second, a combination using prism adaptation was used as training. Compared to sham stimulation, the proof of concept studies as well as studies with repeated application demonstrate a reduction of neglect symptoms in specific tests (line bisection, find and cross-out tasks) after anodal stimulation of the right, i. e., ipsilesional posterior parietal cortex or cathodal stimulation of the left, unaffected posterior parietal cortex. Interestingly, synchronous bihemispheric tDCS of both posterior parietal cortices has a variable outcome in studies [34, 35] , which might indicate an intraindividually different role of both hemispheres in the functional recovery from neglect. There are currently no meta-analyses.
For those affected by a stroke, speech impairment is frequently a debilitating restriction on communication and interaction with the world around them. Therefore there is great clinical interest in evaluating tDCS as adjuvant therapy in the treatment of speech impairment after stroke, as demonstrated by the number of publications on the topic (see the database in [14] ). The effects of tDCS combined with speech therapy or conversation training were evaluated, and with few exceptions, the results demonstrate overall positive effects among patients in the chronic stage, although variable effects have been described for the subacute stage [36] [37] [38] . The target area for stimulation in case of aphasia is clearly more heterogeneous (see [37] ); individual studies have reported positive effects of anodal tDCS for the frontal inferior gyrus and posterior gyrus temporalis superior of the damaged hemisphere. Similarly positive results have been reported for cathodal tDCS above the frontal inferior gyrus of the undamaged hemisphere. Interestingly, stimulation of the left motor cortex, which anatomically lies further remote from the structural lesion of the primary language region improved the ability to communicate. This could be explained by increased interaction with the individual's residual language network [39] . The primary outcome measures were mainly naming ability, word fluidity and word recognition. A meta-analysis with naming ability as the primary outcome measure showed a significant advantage of tDCS compared to control conditions in patients in the chronic stage post-stroke [40] . A further meta-analysis, in which the primary target criterion "communicative ability" could not be assessed due to a lack of data , the secondary outcome measure "naming ability"; outcome measure revealed no significant effect of tDCS combined with speech therapy compared to sham stimulation and speech therapy calculated over 6 studies with similar mean difference [41] . In the latter meta-analysis no distinction was made between different phases post-stroke.
Consciousness and Attentiveness
Impairment of attention and wakefulness, such as after a traumatic brain injury, can have a significant influence of the outcome of rehabilitation. Application of transcranial brain stimulation in this regard has been explored only in minor case reports and open clinical studies. In patients in a minimally conscious state [42] , anodal tDCS above the left dorsolateral prefrontal cortex achieved short-lasting improvements of clinically-measurable reactions, brain stem reflexes and arousal, whereas patients with apallic syndrome had no benefit [43] . Mixed effects of tDCS applied over the DLPFC could be shown for single and repeated stimulation prior to cognitive training in patients with traumatic brain injury and chronic persistent memory and attention deficits. Whereas Lesniak and colleagues [44] found no effect of tDCS, positive effects of tDCS prior to cognitive training with regard to specific subdomains such as divided attention, word interference and impulse control have been reported [45, 46] .
Chronic Motor and Non-motor Symptoms of Parkinson's Disease
In addition to the manifold studies of stroke in which tDCS is used to intervene functionally with the sensimotor and attention system, similar questions arise with respect to neurodegenerative diseases involving motor and non-motor symptoms such as Parkinson's disease. To date there are few studies in this regard. Investigations of patients with idiopathic Parkinson's syndrome reveal a favorable effect of tDCS on specific symptoms, such as improvement of working memory after stimulation of the dorsolateral prefrontal cortex [47, 48] , or reduction of dyskinesia after anodal stimulation of the motor cortex or cerebellum [49] . There are recent scientific approaches to the treatment of disorders of the cortex-basal ganglia axis such as applying alternating current stimulation (tACS) or alternating current stimulation with frequencies varying randomly between 100 and 640 Hz (transcranial random noise stimulation, tRNS). The purpose is to influence intrinsic cortical and subcortical oscillations (in the sense of entrainment or phase cancellation [50, 51] ). Initial results for tremor-dominant Parkinson's syndrome show a 50 % reduction of resting tremor amplitude under tACS [50] . The only 2 basic studies of tDCS in a Parkinson's rat model show positive effects of anodal stimulation on behavioral parameters (partial normalization of side preference [52] , longer running times in the rotarod test [53] ). From a mechanistic point of view, the dopamine and tyrosine hydroxylase concentrations in the entire brain were increased, and the concentration of oxidative stress parameters was reduced compared to sham stimulation, suggesting potentially neuroprotective effects of anodal tDCS. Combinations with rehabilitation or training have yet to be investigated. Further multimodal studies on the potential neuroprotective effects of tDCS in a dose-response design or at least comparable to stimulation parameters applied to humans are important for useful clinical application.
Safety Considerations
There are a large number of studies available allowing the estimation of the safety of tDCS. To date more than 1 000 volunteers and patients in more than 33 200 sessions using tDCS have been examined and treated (using conventional stimulation protocols discussed above) with no reports of serious adverse events [1] . Typi-cal side effects of all non-invasive electrical brain stimulation procedures include itching and burning sensations on the scalp, headache, reddening of the skin in the area under the electrodes and general feelings of discomfort; however such sensations have also been reported for sham stimulation [1, 54] . Currently there are no reports regarding triggering of epileptic episodes, and data based on animal experiments using epilepsy models indicate that tDCS itself poses no increased risk of seizures in an epileptic brain [1] . It should be noted that physiological and behavioral effects of tDCS in traumatic brain injury, especially in the presence of skull defects, may be more variable, since changes in the intracranial current flow direction are possible and thus brain regions other than expected are affected. The same considerations apply to cerebral lesions. The latest computational models calculate an up to 6-fold higher intracerebral current density in patients with skull defects; however this does not represent a general safety risk and is therefore not an exclusion criterion for the presently used stimulation parameters (up to 0.8 A/m 2 ) [1] .
Summary
Positive effects of tDCS have been reported for a number of neurological symptoms that are in the focus of neurorehabilitation, especially with respect to long-term improvement of daily competencies, reduction of neglect in the subacute phase as well as aphasia reduction in the chronic phase after stroke. In the future, studies of acute patients as well as basic mechanistic research are needed to support informed clinical application of tDCS in neurorehabilitation.
